Abstract: The purpose of this population-based study was to determine the change of glucose metabolism in patients undergoing pancreaticoduodenectomy (PD).
INTRODUCTION
P ancreaticoduodenectomy (PD) is performed for the treatment of periampullary and pancreatic head diseases. PD has previously been associated with high mortality, which limited its use in the treatment of periampullary cancer. With improvements in both surgical skills and perioperative care, PD has become safer and it is now more widely used in the treatment of cancer as well as noncancerous diseases. The favorable survival rates after PD in the treatment of noncancerous diseases make metabolic outcomes after this procedure increasingly important.
Pancreatectomy often results in the deterioration of glucose homeostasis because the pancreas is the main organ responsible for hormonal regulation of glucose metabolism. 1 Pancreatectomy-associated diabetes is defined as pancreatogenic diabetes mellitus (DM; the onset of DM after pancreatectomy), and occurrence rates vary (20-50%) depending on the type of the pancreatic resection procedure as well as the underlying disease. PD includes removal of the pancreatic head; therefore, theoretically, the procedure reduces the number of islet cells and worsens the glycemic status.
However, PD can result in the resolution of diabetes. Several studies have addressed the resolution of diabetes after PD in pancreatic ductal adenocarcinoma (PDAC) patients, particularly in patients diagnosed with new onset diabetes, or pancreatic cancer (PC) development within 2 years of diabetes diagnosis. [2] [3] [4] Pannala et al 5 attributed DM resolution after PD to resection of tumor along with tumor-secreted diabetogenic products. However, we found DM resolved after PD in some patients both with and without PDCA and postulated that PD-associated anatomic change may play a role in resolution of DM after PD. 6 PD-associated anatomical changes include resection of pancreatic head, duodenum, and most proximal part of jejunum (10-15 cm). After PD, another 30 to 40-cm-long jejunum will be brought up for pancreatic and biliary anastomosis, which will make the last enteral anastomosis (gastrojejunostomy in standard PD or duodenojejunostomy in pylorus-preserving PD) created on jejunum about 50 to 60 cm distal to Treitz ligament. The change in the food passage route after PD is quite similar to that after Rouxen-Y gastric bypass for morbid obesity. This reconstruction allows food to pass directly into the distal jejunum without passing through the duodenum (foregut and hindgut theories of bariatric surgery). These patients had increased postprandial secretion of gut hormone contributing to improved insulin resistance and glucose metabolism.
According to these findings, PD may have positive and negative effects on glucose metabolism. The aim of this study was to use the reimbursement databases of Taiwan's National Health Insurance (NHI) to investigate the factors contributing to changes in glucose metabolism after PD, and therefore, the resolution of diabetes and pancreatogenic diabetes. 
METHODS

Data Source
Study Population
We selected patients undergoing PD (ICD-9 procedure code 52.7) between 2000 and 2011 as our study subjects (n ¼ 5885). We excluded subjects who underwent PD in and after 2011 (n ¼ 582) to ensure at least 1 year of follow-up. Patients were further excluded if the duration of follow-up was less than 6 months (n ¼ 500), they were <20 years of age (n ¼ 7 and inclusion in the Registry for Catastrophic Illness Patient Database, a subpart of the NHIRD. 8 Thus, we identified 4775 PD subjects between 2000 and 2010. Among them, 861 subjects had type 2 diabetes and 3914 did not have diabetes. We further divided the diagnosis of diabetes into new-onset diabetes (DM diagnosed within 2 years before PD) and long-standing diabetes (DM diagnosed >2 years prior to PD). Finally, we analyzed the resolution of diabetes in subjects with DM and the incidence of pancreatogenic DM after PD in subjects without diabetes.
Definition of Change of Glucose Metabolism
In this study, patients with at least 1 hospital admission or at least 3 outpatient visits for DM (ICD-9 250.00, 250.02, 250. 10 The admission date for PD was defined as index date of PD. Any below statement was defined as resolution of diabetes:
(1) Pre-PD DM patients without hypoglycemic medication had no records of DM diagnosis after PD. (2) Pre-PD DM patients with hypoglycemic medication had no records of hypoglycemic medication on pharmacy claim dataset within 1-year post-PD period.
On the other hand, the definition of pancreatogenic DM was that non-DM subjects had new DM ICD-9 codes on the inpatient or outpatient claim dataset after the date of PD.
Comorbidity
To study comorbidity, we collected data on the diagnoses made prior to PD for each patient: dyslipidemia (ICD-9 272.0, 272.1, and 272.2), chronic pancreatitis (ICD-9 577.1), liver cirrhosis (ICD-9 571.5), hypertension (ICD-9 401-405), and peptic ulcer diseases (ICD-9 531-535). 10 
Baseline Characteristics
Baseline demographic characteristics examined were age ( 49, 50À64, !65 years), sex, monthly income (NT$ [New Taiwan dollar] <15,000, NT$ 15,000À$22,798, and >NT$ 22,798), and the Charlson comorbidity index (CCI) score (<2 and 32). The CCI score is used to determine overall systemic health.
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Statistical Analysis
For statistical analysis, SPSS software (version 22.0, 2012; SPSS Inc., Chicago, IL) was performed. Continuous data are presented as mean AE standard error of the mean unless otherwise specified. The Student t-test was used for comparison between the 2 groups for continuous data. Categorical variables were analyzed using the Fisher exact test and the Pearson Chi-square test if the cell count was less than 5. Multivariate analysis was performed by using the multiple logistic regression model, and the results are shown as odds ratios and 95% confidence intervals (CIs). Factors with P < 0.10 on univariate analysis were included in the regression model. All statistical tests were two-sided, and P-values of <0.05 were considered statistically significant.
RESULTS
Comparison of PDAC and Non-PDAC Patients With DM
Among the 861 patients with DM, 264 patients had PDAC (169 new-onset diabetes; 64.0%) and 597 did not have PDAC (396 new-onset diabetes; 66.3%). The PDAC group had a higher percentage of higher CCI scores and a less percentage of chronic pancreatitis compared to non-PDAC group (Table 1) . There was no statistically significant difference between the PDAC and non-PDAC groups considering the rates of resolution of diabetes (20.5% versus 20.1%; P ¼ 0.927).
Factors Influencing Resolution of Diabetes in Patients With DM
Of 861 subjects with diabetes 174 (20.2%) had resolution of diabetes. Results of the univariate comparison between preoperative patients with diabetes with and without resolution of their DM are illustrated in Table 2 . Patients diagnosed with chronic pancreatitis (P < 0.001) and use of insulin (P < 0.001) had lower rates of resolution of diabetes after PD. Patients with periampullary cancer had higher rates of resolution of diabetes 
Factors of Pancreatogenic Diabetes in Preoperative Patients Without DM
Of the 3914 patients without diabetes, those with pancreatogenic diabetes had liver cirrhosis (P ¼ 0.059) and chronic pancreatitis (P ¼ 0.001) more often compared to patients with persistent nondiabetes (Table 4) . Moreover, subjects with pancreatogenic diabetes had periampullary cancer less often (P ¼ 0.001) and had low CCI scores (P ¼ 0.001) compared to patients with persistent nondiabetes. A multiple logistic regression model was constructed for evaluation of the factors associated with pancreatogenic diabetes (Table 5 ). Only chronic pancreatitis (odds ratio, 1.446; 95% CI, 1.146-1.823; P ¼ 0.002) was statistically significant in contributing to pancreatogenic diabetes.
DISCUSSION
The pancreas is both an exocrine and endocrine organ. Chronic pancreatitis is a disease characterized by pancreatic inflammation and fibrotic injury, contributing to irreversible parenchymal damage. 12 Therefore, chronic pancreatitis may cause not only progressive nutrient maldigestion and malabsorption, but also glucose intolerance. In addition, nutrient maldigestion results in impaired secretion of incretin and decreased insulin release from b-cells. 13 In our study, patients with chronic pancreatitis showed higher rates of pancreatogenic diabetes among patients previously without diabetes and lower rates of diabetes resolution among DM cases after PD.
DM secondary to pancreatic disease is classified as pancreatogenic diabetes or type 3c DM.
14 In contrast to type 1 and type 2 diabetes, clinical data on type 3c diabetes are lacking. The prevalence of type 3c DM among all patients with DM has been estimated to be approximately 5% to 10%. 15 Owing to the diverse pathophysiology of type 3c DM, its clinical features differ from those of both type 1 and type 2 DM. Among the causes of type 3c DM, chronic pancreatitis is the main etiology and may be accompanied by syndromes of exocrine pancreatic insufficiency such as steatorrhea or gastrointestinal complaints.
Patients with type 3c DM should receive hyperglycemia-lowering medications according to the same guidelines used for type 2 diabetes. However, patients with type 3c DM with exocrine pancreatic insufficiency should take adequate supplements of pancreatic enzymes, which may not only prevent a lack of fat-soluble vitamins but also reverse the decreased release of incretin. 12 In this study, 20.5% of patients with diabetes and PDAC had resolution of diabetes after PD. Previous studies 5, 16, 17 emphasized that PDAC patients had resolution of diabetes, and that the resolution of diabetes was attributed to removal of products secreted by PDAC during the PD procedure. 18, 19 PDAC patients often have diabetes, which frequently manifests as early as 2 to 3 years before a diagnosis of PDAC. Additionally, patients with new-onset diabetes have a 5-to 8-fold increased risk of being diagnosed with PDAC within 1 to 3 years of developing diabetes. 4, 17 New-onset diabetes can be a clue in the early diagnosis of PDAC, especially for patients whose glucose control worsens in the face of profound weight loss. 3 Furthermore, long-standing diabetes is predictive of poor outcomes for PDAC, whereas postoperatively resolved newonset diabetes is associated with better oncological results. 20 In our study, 20.1% of non-PDAC subjects with diabetes also had resolution of diabetes after PD. As there was no removal of PDAC-secreted hyperglycemic products, it can be suggested that the mechanism of diabetes resolution may result from the complex gastrointestinal reconstructions during PD, such as removal of the duodenum and gastroenteral bypass.
The association between diabetes and PDAC has been studied for more than a century and is complicated by the existence of a bidirectional relationship between the 2 entities. 21, 22 Although, more current evidences support PC-induced paraneoplastic diabetes, epidemiological data illustrate a causal relationship between long-standing diabetes and PC. The use of insulin, insulin analogs, and insulin secretagogues appear to increase the risk of PC because of the enhanced activation of insulin-associated pathways. 23 Most important, the successful control of diabetes and/or body weight is associated with a decreased risk of PC. 21 In this study, we did not investigate the relationship between PDAC and diabetes. In contrast, we focused on researching the mechanisms for the resolution of diabetes. The resolution of diabetes may be associated to PDassociated anatomic changes alike bariatric surgery.
One of the strengths of this study was the use of a population-based database, which is highly representative of the general population. Our study also has several limitations. First, the NHIRD does not include laboratory data, family history, or information on major risk factors in the development of diabetes such as body weight, alcohol abuse, or diet. Second, the quality of medical evidence derived from an observational cohort study is inferior to that from randomized trials because of other unknown confounders and selection bias. Third, coding error is inevitable in a database. To decrease coding error in this study, the diagnostic accuracy of coding of DM was confirmed by both specific admission ICD-9 codes and hyperglycemia-lowering medication in pharmacy databases. Moreover, the diagnosis of comorbidities was confirmed if patients had 1 relevant inpatient code from the ICD-9 or 3 outpatient ICD-9 codes separated by at least 30 days. Lastly, there were no statistically significant differences in the resolution of diabetes between the PDAC and non-PDAC groups; however, the mean duration of follow-up with the PDAC group was shorter than the non-PDAC group (2.4 AE 1.6 versus 3.8 AE 2.6 years; P < 0.01). We adjusted the bias of the length of follow-up by incidence rate ratio (IRR). The IRR in the PDAC and non-PDAC groups was measured for the resolution of diabetes by using a Poisson regression analysis. These adjustments indicated that there were no significant differences regarding the resolution rate of diabetes between PDAC and non-PDAC groups (1.91 versus 1.87 per 100 person-year; IRR ¼ 1.021; range: 0.743-1.412; P ¼ 0.876). Moreover, the median interval between PD and resolution of diabetes was 5.3 months (3.1-11.7 months). Therefore, the bias of the duration of follow-up may be minimal in this study.
In summary, this population-based cohort retrospective study showed subjects with comorbid chronic pancreatitis, and the use of insulin had lower rates of resolution of DM after PD. In subjects without diabetes, chronic pancreatitis significantly contributed to the development of pancreatogenic DM. Clinicians-treating patients with PD should be alert for PD patients with chronic pancreatitis to closely assess the parameters of glucose metabolism.
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